Detailed calculations are performed for 134 fine-structure levels of the 3p 6 3d 2 , 3p 6 3d4s, 3p 5 3d 3 and 3p 6 3d4p configurations in Fe VII using the multiconfiguration Dirac-HartreeFock (MCDHF) and relativistic configuration interaction (RCI) methods. Important electron correlation effects are systematically accounted for through active space (AS) expansions. Our results compare well with experimental measurements, emphasizing the importance of a careful treatment of electron correlation, and provide some missing data in the NIST atomic database. The data obtained are expected to be useful in astrophysical applications, particularly for the research of the solar coronal plasma.
I N T RO D U C T I O N
Accurate atomic data for Fe VII are important in astrophysical plasma modeling (e.g. Aller, Bowen & Minkowski 1955; Aller et al. 1973; Thackeray 1977; Holczer, Behar & Kaspi 2005) . For example, The Solar Ultraviolet Measurements of Emitted Radiation (SUMER) spectrometer installed on the Solar and Heliospheric Observatory (SOHO) recorded a large number of solar coronal spectra in the 500-1610 Å region. Feldman et al. (1997) and Ekberg & Feldman (2003) identified some lines of the 3d4s − 3d4p and 3d4p − 3d4d transitions in Fe VII. Emission lines in Fe VII formed at temperatures around 300,000 K in the solar atmosphere in the range 150-300 Å, mainly from 3p 6 3d 2 -3p 5 3d 3 transitions, have been observed by the Hinode EUV Imaging Spectrometer (Culhane et al. 1994) . Plasma diagnostics of an optically thin astrophysical plasma require accurate data including level energies, transition probabilities, and rate coefficients for various dynamic processes. However, in the NIST Atomic Spectra Database (ASD), there are many levels missing for the 3p 5 3d 3 configuration. The earliest theoretical calculations of five strong transitions from the 3s 2 3p 5 3d 3 configuration have been presented by Fawcett & Cowan (1973) using self-consistant field (SCF) Hartree X methods, which helped to analyze a laboratory vacuum spark spectrum. Subsequently, Ekberg (1981) determined many lines of the 3s 2 3p 6 3d4p configurations. Faulkner et al. (1981) measured the 3d4p − 3d4d and 3d4d − 3d4f transitions in Mn VI, Fe VII, and CoVIII using collisionbased spectroscopy, and identified these lines with the aid of multiconfiguration Hartree-Fock (MCHF) calculations and isoelectronic comparison. Because of its importance, Fe VII has been further E-mail: libw@lzu.edu.cn studied using a number of different theoretical methods (see latest paper by Tayal & Zatsarinny (2014) , and references therein); e.g., by Zeng et al. (2005) (Z05) using the flexible atomic code (FAC), by Witthoeft & Badnell (2008) (WB08) using the AUTOSTRUCTURE code and by Tayal & Zatsarinny (2014) (T14) using the MCHF-BP program with non-orthogonal orbitals. Atomic data for Fe VII have been evaluated by Del Zanna (2009) (D09) based on Hinode solar observations and calculations by Witthoeft & Badnell (2008) . Moreover, the photorecombination rate coefficients of Fe VII and of Fe VIII were measured by Schmidt et al. (2008) by employing the merged electron-ion beams method at the Heidelberg heavyion storage-ring TSR and analyzed with the aid of data from the AUTOSTRUCTURE code. Extreme-ultraviolet (EUV) spectra of Fe VI -FeXIV were recorded in the 125-265 Å region at the Heidelberg electron beam ion trap (EBIT) by Liang et al. (2009) and they performed collisional-radiative model calculations using FAC. Young & Landi (2009) analysed emission lines in Fe VII, Fe VIII, and Fe IX observed in 2007 by the Hinode EUV Imaging Spectrometer. They compared Fe VII lines with predictions and proposed that four new line ratios can be used to diagnose plasma temperature and density. However, they also found that there were a number of disagreements between theory and observed line ratios insensitive to density and temperature, implying that new benchmark calculations are required. Using the NIST EBIT, Beiersdorfer et al. (2014) measured several lines of Fe between 200 and 205 Å. They identified some weaker lines of iron and also found that there are some clear disagreements between the CHIANTI database and the NIST database. They found large discrepancies between observed and theoretical line positions and intensities for strong EUV lines involving the 3s 2 3p 5 3d 3 configuration. They thought these discrepancies were due to incorrect line identifications, which implies that more experimental data and theoretical calculations are still needed. Table 1 . Expansion schemes of computational models for the even and odd states. The model MR is the minimal basis set model while other models include the electron correlation contributions to a different extent. The configuration space was generated by single (S) and double (D) substitutions from the configurations in the MR to increasing active sets of orbitals . 2  2  5  2  2  --Even  4SD  2970  7935  11270  12023  10910  --states  5SD  14474  39789  57491  64024  60966  --6SD  34817  96470  139975  157596  151833  --7SD  63999  177978  258722  292739  283511  --M R  8  2 2  2 9  2 7  1 9  1 1  5  Odd  4SD  11837  32924  47054  52212  49008  40114  28966  states  5SD  61095  171521  250061  286054  280129  242489  188088  6SD  149121  419634  614821  708576  700966  614690  484455  7SD  275915  777263  1141334  1319778  1311519 1156717 918067 In this paper, we used the Multiconfiguration Dirac-HartreeFock (MCDHF) and relativistic configuration interaction (RCI) method implemented in GRASP2K (Jönsson et al. 2013 ) to calculate 134 fine-structure levels of the 3p 6 3d 2 , 3p 6 3d4s, 3p 5 3d 3 and 3p 6 3d4p configurations in Fe VII. These calculations provide more accurate atomic data for astrophysical applications, particularly for the research of the solar coronal plasma.
T H E O RY

MCDHF theory
The MCDHF method has been described in detail by Grant (2007) . Here, we only briefly outline the theoretical methods used for the calculation of energy levels and transition probabilities.
In the MCDHF method, an atomic state wavefunction (ASF) is given as an expansion over configuration state functions (CSFs) with the same parity P and angular momentum (J, M)
where n c is the number of CSFs and c j are configuration mixing coefficients. The CSFs are antisymmetrized products of a common set of orthonormal orbitals that are optimized based on the relativistic Dirac-Coulomb Hamiltonian. According to the time-dependent perturbation theory, the spontaneous emission transition rates of Einstein from an initial state γ J to a final state γ J can be written
In the expression above, M γ J M,γ J M is the transition matrix element
where T is the transition tensor operator. For electric multipole transitions, there are two forms of transition operator: Babushkin and Coulomb gauges, which correspond to the length form (A l ) and the velocity form (A v ) in non-relativistic limit, respectively (Grant 2007) . The agreement between two gauges can be expressed as
is a parameter related to the estimated uncertainty of the radiative rates (Ekman, Godefroid & Hartman 2014) .
Computational details
As demonstrated by Zeng et al. (2005) and by Tayal & Zatsarinny (2014) , both valence correlation among the outer 3d electrons and core-valence correlation involving the 3s 2 3p 5 or 3s 2 3p 6 are expected to be important because there are significant overlaps between the 3s, 3p, and 3d orbitals. In the MCDHF method, electron correlation effects may be treated by building the CSF expansion space systematically using the active set approach (see Froese Fischer & Jönsson 1994) .
The first step was to perform Dirac-Hartree-Fock (DHF) calculations using the extended optimal-level (EOL) scheme for all states associated with the 3s 2 3p 6 3d 2 and 3s 2 3p 6 3d4s even parity states and the 3s 2 3p 5 3d 3 and 3s 2 3p 6 3d4p odd parity states. The above configurations define the multireference (MR) for the even and odd parities, respectively. This calculation determined the inactive core 1s, 2s, and 2p orbitals for all subsequent calculations. Then, sequentially, correlation expansions were obtained by allowing single (S) and double (D) excitations from the the MR configurations to an extended active set of orbitals, with maximum principal quantum numbers up to n = 7 and l = 3. These active sets are denoted by MR, 4SD, 5SD, 6SD, and 7SD, respectively. Table 1 summarizes the size of CSFs as a function of the expansion model. Note that the size of CSFs increases rapidly as the principal quantum number increases from 4 to 7. To handle such large expansions, parallel programs were employed with 20 processors. Moreover, for n = 6 and n = 7, an approximation computational scheme is employed in which the CSF is divided into zero-and a first-order spaces 
where M is the total number of CSFs. The zero-order space contains the most important CSFs. For n = 6 and n = 7, a zero-order approximation was obtained that consisted of the CSFs of the n = 5 SD expansion that accounted for 99.9 percent of the normalized expansion. All other terms of the n = 6 and n = 7 expansions were treated as first-order corrections and can be regarded as minor corrections. The sizes of the zero-order spaces (m) are given in Table 2 . Finally, the Breit interaction and the dominant quantumelectrodynamical (QED) contributions such as the vacuum polarization and self-energy corrections are also included in the RCI calculations as suggested by Grant (2007) .
In order to match the computed states against the NIST database and other calculations, the representation of CSFs were transformed from jj -to LSJ -coupling (Gaigalas, ZZalandauskas & Rudzikas 2003; Jönsson et al. 2013) . The labels obtained with this approach are, however, not unique, an extra index was then added to obtain unique labels (Jönsson et al. 2016; Gaigalas et al. 2017 ). 
R E S U LT S
Energies
In Table 3 , we present the computed level positions for the 13 lowest levels in Fe VII belonging to the 3p 6 3d 2 and 3p 6 3d4s configurations as a function of the increasing active sets. Observed energies from the NIST ASD (ver. 5.5.6; Kramida et al. 2018 ) are also are given for comparison. The excitation energies are also shown in Fig. 1 . The agreement between the computed excitation energies and the observed energies is generally very good. Except for the first excited state 3d 2 3 F 3 , the relative differences between theory and observation is 22.69 percent, 4.91 percent, 2.81 percent, 2.02 percent, and 1.58 percent for calculations based on the MR and 4SD, 5SD, 6SD, and 7SD, respectively. It is obvious that convergence is progressively refined except for the first excited states. From Fig. 1 , we find that the level energies calculated between 6SD and 7SD are less then 0.3 percent (except for 3d 2 3 F 3 ) for the whole energy region, which imply that a fair convergence is reached.
To further show the accuracy of the present calculations, we compare, in Fig. 2 and Table 4 (full table is available online), our theoretical results based on the largest orbital set n = 7 with other available calculated data from FAC produced by Zeng et al. (2005) , from AU-TOSTRUCTURE produced by Witthoeft & Badnell (2008) , from compiled data by Del Zanna (2009), from MCHF-BP calculations by Tayal & Zatsarinny (2014) and from relativistic many-body perturbation theory (RMBPT) by Safronova et al. (2001) . In Table 4 , we also provide data from NIST ASD. In their RMBPT calculations, Safronova et al. (2001) start from a 1s 2 2s 2 2p 6 3s 2 3p 6 Dirac-Fock potential and the model space consists of nine states in 3d3d . The relative differences between present calculations and RMBPT values of the 3p 6 3d 2 is less then 4 per cent except for the first excited states, this difference is mainly due to omitting the contribution from the 3s and 3p electron correlation effects in the latter. This issue is also demonstrated by another work by Ding et al. (2017) for Ca-like tungsten using MCDHF method. Tayal & Zatsarinny (2014) pointed out that the 3p 4 3d 3 nl configurations were omitted by Zeng et al. (2005) and by Witthoeft & Badnell (2008) 
The transition rates and lifetimes
In Table 5 , we list transition wavelengths (in Å), weighted oscillator strengths (gf), and radiative rates (A in s −1 ) for dipole-allowed (E1) transitions. Again, we make comparison of our data with other calculations from Witthoeft & Badnell (2008) , Del Zanna (2009), and Tayal & Zatsarinny (2014) . Because of limited space, transitions are restricted to those lines that can be compared (full table is available online along with the uncertainty indicator dT). In general, the transition wavelengths, oscillator strengths. and radiative rates of Del Zanna (2009) show very good agreement with our results, although there are individual differences. For most of the strong transitions with A-value 10 8 dT is below 10 percent, while for the weaker transitions, the uncertainty dT is somewhat larger. It should be noted that wavelengths from MCHF calculations by Tayal & Zatsarinny (2014) in general differ more with other calculations.
Forbidden transitions such as 3p 6 3d 2 -3p 6 3d4s are of particular importance because they can be used for plasma temperature diagnostic (e.g. Del Zanna 2009). These decays have been observed by Hinode EUV Imaging Spectrometer. In Table 6 , we compare a few of E2 transitions of the type 3d 2 -3d4s with the compiled data by Del Zanna (2009), the AUTOSTRUCTURE calculations by Witthoeft & Badnell (2008) , and from the NIST database which are based mainly on the work of Nussbaumer & Storey (1982) as well as E2 and M1 transitions within 3d 2 in Table 7 (full table for forbidden E2, M1, and M2 transitions is available online). The SU-PERSTRUCTURE calculation by Biemont et al. (1992) are shown for comparison. The A-values agree well with each other.
The lifetimes of the excited states were calculated from dipole allowed E1 and forbidden E2 transition rates in both the length and velocity forms. Contributions from forbidden M1 and M2 transitions are also included. In Table 8 , we compare calculated lifetimes in length and velocity forms with lifetimes obtained with the MCHF method (Tayal & Zatsarinny 2014) and with the RMBPT method (Safronova et al. 2001 ) and with experimental lifetime by Träbert et al. (2003) using the heavy-ion storage ring for the lowest 12 excited states belonging to 3p 6 3d 2 and 3p 6 3d4s configurations. The recommended lifetime value of 3p 6 3d 2 1 S 0 is 33.1 ms in NIST database while the experiment value is 29.6 ± 1.8 ms (Träbert et al. 2003) The length form of the lifetime is in very good agreement with the measured value. (Kramida et al. 2018) which are based mainly on the work of Nussbaumer & Storey (1982) . 
S U P P L E M E N TA RY M AT E R I A L
The 134 levels are indexed in Table 4 . The complete set of E1 transition data (of which the Table 5 above is a small part) is given in Table 5 , which contains transition energies ( E in cm −1 ), wavelengths (λ in Å), transition rates (A in s −1 ), and weighted oscillator strengths (gf), along with the uncertainty indicator dT, while Table 6 contains the equivalent material for E2, M1, and M2 transitions.
S U M M A RY A N D C O N C L U S I O N S
We have calculated energy levels, radiative rates, and oscillator strengths for 134 levels of the 3p 6 3d 2 , 3p 6 3d4s 3p 5 3d 3 , and 3p 6 3d4p configurations in FeVII by MCDHF and subsequent RCI methods. Valance-valance, valance-core and core-core electron correlation effects are included by increasing the active orbital set layer by layer. To handle such large expansions, CSFs are divided into a zero-and first-order space. The zero-order space contains CSFs that account for the major parts of the wave functions, while the first-order space contains CSFs that represent minor corrections. The first-order space can be treated as first-order corrections, i.e. allowing interaction between CSFs in the zero-order space and between CSFs in the zero-and first-order spaces and only diagonal interactions between CSFs in the first-order space. This restriction results in a huge reduction in the total number of matrix elements and hence a reduction in computational time. Systematic inclusion of electron correlation effects is very important to obtain accurate energy and transition data. Comparisons between new calculated data show very good agreement with the observed energies from the NIST ASD and compiled data of Del Zanna (2009) , which implies the reliability of present correlation model. Further work on the other Ca-like ions of iron group elements is in progress. We hope these data will provide useful information for astrophysical applications.
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